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Abstract: A new model for the P450 enzyme carrying a SO;3~ ligand coordinated to iron(lll) (complex 2)
reversibly binds NO to yield the nitrosyl adduct. The rate constant for NO binding to 2 in toluene is of the
same order of magnitude as that found for the nitrosylation of the native, substrate-bound form of P450cam
(E-S-P450..m). Large and negative activation entropy and activation volume values for the binding of NO
to complex 2 support a mechanism that is dominated by bond formation with concomitant iron spin change
from S="5/,t0 S= 0, as proposed for the reaction between NO and E-S-P450c.m. In contrast, the dissociation
of NO from 2(NO) was found to be several orders of magnitude faster than the corresponding reaction for
the E-S-P450..m/NO system. In a coordinating solvent such as methanol, the alcohol coordinates to iron-
(Il of 2 at the distal position, generating a six-coordinate, high-spin species 5. The reaction of NO with 5
in methanol was found to be much slower in comparison to the nitrosylation reaction of 2 in toluene. This
behavior can be explained in terms of a mechanism in which methanol must be displaced during Fe—NO
bond formation. The thermodynamic and kinetic data for NO binding to the new model complexes of P450
(2 and 5) are discussed in reference to earlier results obtained for closely related nitrosylation reactions of
cytochrome P450..m (in the presence and in the absence of the substrate) and a thiolate-ligated iron(lll)
model complex.

Introduction state equilibria of the resting state, redox potential of the iron

Synthetic iron porphyrins have received considerable attention POrPhyrin, and the electronic nature of the high-valentiron(IV)
from many groups, in particular regarding their use as chemical oxo intermediate. Consequently, over the past three decades,

models in a variety of enzymatic oxidations such as those Many groups have focused their efforts on the synthesis of
catalyzed by cytochromes P450, catalases, and peroxitifises. thlolqte-llgated ron pqrphyrlns n orFie_r to underst{;\nd the
was shown that the nature of the anionic proximal ligand function of the thiolate ligand and to mimic P450 reactivity.
coordinating to iron plays a crucial role in controlling the Althougha number of sophisticated iron(lll) porphyithiolate
properties and reactivity of the heme model complexes in such COMPlexes were synthesized, most of them remained structural
catalytic processéain this context, hemethiolate proteins like models of the active site, displaying significant differences from

cytochromes P450 are of particular interest due to the signifi- (3) (a) Aissaoui, H.; Ghirlanda, S.; GmLC.; Woggon, W.-DJ. Mol. Catal.

cance of the quite unusual thiolate ligand with respect to spin- A: Chem.1996 113 393. (b) Aissaoui, H.; Bachmann, R.; Schweiger,
A.; Woggon, W.-D.Angew. Chem., Int. EA.998 37, 2998. (c) Woggon,
W.-D.; Wagenknecht, H.-A.; Claude, G. Inorg. Biochem2001, 83, 289.

IUn!vers!ty of Erlangen-Ninberg. (d) Lochner, M.; Meuwly, M.; Woggon, W.-DChem. Commun2003
University of Basel. 1330. (e) Lochner, M.; Mu, L.; Woggon, W.-TAdv. Synth. Catal2003
§ Jagiellonian University. 345, 743.

(1) (a) Watanabe, Y. IThe Porphyrin Handbogkkadish, K. M., Smith, K. (4) (a) Higuchi, T.; Uzu, S.; Hirobe, MJ. Am. Chem. S0d.99Q 112 7051.
M., Guilard, R., Eds.; Academic: New York, 2000; Vol. 4, Chapter 30, (b) Higuchi, T.; Shimada, K.; Maruyama, N.; Hirobe, Nl. Am. Chem.
pp 97-117. (b) McLain, J. L.; Lee, J.; Groves, J. T. Biomimetic So0c.1993 115 7551. (c) Higuchi, T.; Hirobe, MJ. Mol. Catal. A: Chem.
Oxidations Catalyzed by Transition Metal Complexggunier, B., Ed.; 1996 113 403. (d) Urano, Y.; Higuchi, T.; Hirobe, M.; Nagano, J..Am.
Imperial College Press: London, 2000, pp-969. (c) Montanari, F.; Chem. Socl1997, 119, 12008. (e) Ohno, T.; Suzuki, N.; Dokoh, T.; Urano,
Cassela, LMetalloporphyrins Catalyzed Oxidation&luwer Academic Y.; Kikuchi, K.; Hirobe, M.; Higuchi, T.; Nagano, TJ. Inorg. Biochem.
Publishers: Dordrecht, The Netherlands, 1994. (d) Traylor, T. G.; Traylor, 200Q 82, 123. (f) Dokoh, T.; Suzuki, N.; Higuchi, T.; Urano, Y.; Kikuchi,
P. S. InActive Oxygen in Biochemistry/alentine, J. S., Foote, C. S., K.; Nagano, T.J. Inorg. Biochem200Q 82, 127. (g) Suzuki, N.; Higuchi,
Greenberg, A., Liebman, J. F., Eds.; Blackie Academic and Professional, T.; Nagano, TJ. Am. Chem. So2002 124, 9622. (h) Suzuki, N.; Higuchi,
Chapman and Hall: London, 1995; pp-8487. (e) Ingold, K. U.; MacFaul, T.; Urano, Y.; Kikuchi, K.; Uekusa, H.; Ohashi, Y.; Uchida, T.; Kitagawa,
P. A. InBiomimetic Oxidations Catalyzed by Transition Metal Complexes T.; Nagano, TJ. Am. Chem. S0d.999 121, 11571.

Meunier, B., Ed.; Imperial College Press: London, 2000; pp-8%. (f) (5) (a) Matsu-ura, M.; Tani, F.; Nakayama, S.; Nakamura, N.; Naruta, Y.
Meunier, B.Chem. Re. 1992 92, 1411. Angew. Chem., Int. Ed1989 200Q 39. (b) Tani, F.; Matsu-ura, M;

(2) (a) Dawson, J. HSciencel988 240, 433. (b) Poulus, T. LJ. Biol. Inorg. Nakayama, S.; Ichimura, M.; Nakamura, N.; NarutaJYAm. Chem. Soc.
Chem.1996 1, 356. (c) Goodin, D. BJ. Biol. Inorg. Chem1996 1, 360. 2001, 123 1133. (c) Tani, F.; Matsu-ura, M.; Nakayama, S.; Naruta, Y.
(d) Franzen, S.; Roach, M. P.; Chen, Y.-P.; Dyer, R. B.; Woodruff, W. H.; Coord. Chem. Re 2002 226, 219. (d) Matsu-ura, M.; Tani, F.; Naruta,
Dawson, J. HJ. Am. Chem. S0d.998 120 4658. Y. J. Am. Chem. S0d.941, 2002 124.
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Figure 1. P450 enzyme modeld @nd2’, 4%) and coordination sphere of P45 (3).

P450 enzymes regarding redox potentials and spin-state equithiolate coordinating to irond, = —350 mV vs SCE in Ch
libria of the iron(lll) resting staté.Furthermore, most of these  Cl,)° and is also similar to the redox potential determined for
approaches failed to provide oxidation catalysts with decent the ES complex of P45Qm (Eo = —170 mV vs NHE, which
turnover, which could be attributed to the instability of both is equivalent to-411 mV vs SCE). However, it should be kept
the porphyrin chromophore and the thiolate ligand in the in mind thatE, depends very much on the selected solvent and
presence of strong oxidants such as PhlO, mCPBA, ai@ H  counterion. Hence, it is not possible to interpret a difference of
which are usually employed in the “shunt” pathway. 20—50 mV between model and native systems in more detail.

To find more suitable enzyme mimics, the Woggon group  Fyrther DFT calculation predicted, and X-ray structures
has synthesized two new complexdsand 2 (F|Sgure 1), in confirmed, the coordination of one oxygen of thesS@roup
which the RS ligand is replaced by a ROgroup” The SQ to Fe(lll).8df Complexesl and 2 were fully characterized by
group has been introduced because DFT calculations revealedy —yis, EPR, and ESI-MS spectroscopy, and in particular the
that ca. 40% of a negative charge is localized at the oxygen more reactive, electron-deficiemesedichlorophenyl-substi-
that coordinates to iroff. Thus, it seemed reasonable that such {ieq porphyrinl displayed a rather broad spectrum of P450-
a system would mimic the coordination sphere of several native type reactions such as epoxidation, N-dealkylation, cleavage of
P450's, such as P4gfh PA45Gr, P45Qyr and P4SE-s, diols, and hydroxylation of nonactivated-E& bondsgef Pre-
which display hydrogen bonding of the thiolate ligand to two  |ininary Uv—vis experiments also revealed that the oxo iron-
amino acids of the protein backbone (s&eFigure 1). This (IV) porphyrin radical cation can be produced fra§f The
concept was confirmed by §evera| experiments. For example, jy4in practical advantage df and 2, as compared to corre-

1 and 2 show redox potential&, = —210 and—290 mV, sponding model complexes with a thiolate ligand, is the inertness
respectively (vs SCE measured in 0.1 M LiGJQiBr saturated of the SQ" ligand toward oxidation an&-nitrosation.
DMF W'th ferrocer_1e as an mter_nal standa%)mdlcatlng_that_ In efforts to improve the mechanistic understanding of the
exchanging the thiolate for SOligand causes an anodic shift catalytic action of cytochrome P450 and the essence of its
of ca. 300 m\@ The E, value of 2 is close to that obtained . . ) .
with a model compound that has two hydrogen bonds to a biological functions, we have focused on the dynamics of NO
interaction with the iron(lll) hemethiolate centers. It is known
(6) Woggon, W.-D.Chimia 2001, 55 (4), 366. that NO binding to the catalytic site of enzymes such as nitric
() (&) Tang, . ¢ Koch, 5. Papactiymoy .G Foncr &5 Frankel,R. B oxide reductase (P45). %" nitrc oxide synthase (NOSJ: !
Mitschler, A.; Riviere, G.; Ricard, L.; Schapacher, M.; WeissJRAm.  and nitrophorins fron€Cimex lectulariugNO transport heme

Chem. Soc1979 101, 7401. (c) Ogoshi, H.; Sugimoto, H.; Yoshida, Z.
Tetrahedron Lett1975 27, 2289.

(8) (a) Woggon, W.-D.; Leifels, T.; Sbaragli, ICytochromes P450: Bio- (9) Ueyama, N.; Nishikawa, N.; Yamada, Y.; Okamura, T.; Nakamural.A.
chemistry, Biophysics and Drug MetabolisiRresented at the 13th Am. Chem. Socl996 118 12826-12827.
International Conference on Cytochromes P450, Prague, Czech Republic, (10) (a) Shimizu, H.; Obayashi, E.; Gomi, Y.; Arakawa, H.; Park, S.-Y;
June 29-July 3, 2005. (b) Meyer, D. N.; Woggon, W. -[Zhimia 2005 Nakamura, H.; Adachi, S.; Shoun, H.; Shiro, X .Biol. Chem200Q 275,
59 (3), 85. (c) Woggon, W.-DAcc. Chem. Re®005 38, 127. (d) Kozuch, 4816. (b) Obayashi, E.; Takahashi, S.; ShiroJYAm. Chem. S0d.998
S.; Leifels, T.; Meyer, D.; Sbaragli, L.; Shaik, S.; Woggon, W.Synlett. 120, 12964. (c) Hurshman, A. R.; Marletta, Biochemistryl995 34, 5627.
2005 4, 675. (e) Sharagli, L.; Woggon, W.-3ynthesif005 9, 1538. (f) (d) Abu-Soud, H. M.; Wang, J.; Rousseau, D. L.; Fukuto, J. M.; Ignarro,
Meyer, D.; Leifels, T.; Sbaragli, L.; Woggon, W.-Biochem. Biophys. L. J.; Stuehr, D. JJ. Biol. Chem1995 270, 22997. (e) Couture, M.; Adak,
Res. Commur2005 338 372. S.; Stuehr, D. J.; Rousseau, L.Biol. Chem2001, 276, 38280.
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assumed to be 0.011 M at 2&.'* Dilutions of known concentration
were prepared from these saturated solutions by a syringe technique.
NO Electrode Measurements.The concentration of free NO in
methanol was determined with an ISO-NOP electrode connected to an
ISO-NO Mark Il NO sensor from World Precision Instrumetitg.o
determine the concentration of NO in methanol solutions, the following
procedure was followed. A known volume of the NO-saturated
methanol solution (at 28C) was dropped into a known volume of
degassed water. The concentration of NO in the resulting solution was
measured with the NO electrode. The NO electrode was calibrated daily
thiolate proteind? However, under conditions of even a small  with fresh solutions of sodium nitrite and potassium iodide according

excess of NO, the initially formed NO complex 4foroved to to the method suggested by the manufacturer. The calibration factor
be very unstable; i.e., subsequent attack of a second NO on thenA/uM was determined with a linear fit program.
sulfur atom of the RS group was clearly observéd. UV —Vis Measurements.UV —vis spectra at appropriate tempera-

It was anticipated that these problems would not be encoun- tures were recorded in gastight cuvettes on a Shimadzu UV-2100
tered when employing compleg, since the RS® group spectrop_hotometer equipped wi_th a_thermostated cel! compartment CPS-
replacing the thiolate ligand (i) is less accessible due to steric 260- A Pill-box cell combined with high-pressure equipniéwias used

; SN W S - to record UV~vis spectra under high pressure (up to 150 MPa).
hindrance and (ii) is “forced” into coordination to iron because EPR Measurements. To investigate the spin state & in the
the ligand belongs to a bridge spanning the porphyrin. The ¢ : f it 9 de (ni P | | fand
present work was undertaken to evaluate thermodynamic andpreshencel (0 an Iegess Epgmc oxide (nitrosy compdexz)) an
Loon L . . i methanol (comple®), cw- experiments were carried out using a
kinetic data for NO bmdmg_to_lron(lll) of_the high-spin comple_x Bruker ESP-300 X-band spectrometer equipped withi@ dell and
2(9 = 5.67, 2.03), which is insoluble in water but soluble in  an ER 4111 VT liquid nitrogen cryostat. EPR measurements of the
organic solvents such as @El, CHCl;, BUCN, toluene, and  nitrosyl complex of2 were performed under strict exclusion of air
methanol. To investigate the influence of the iron(lll) coordina- oxygen.
tion sphere on the dynamics of the reaction with NO, the studies FTIR Measurements. FTIR measurements on compléxin the
were carried out in non-coordinating toluene and in coordinating presence of a_Iarge excess of NO were performed in toluene l_Jnder
methanol. In toluene the five-coordinate complxeminiscent exclusion of air oxygen at-5 °C. The spectra were recorded with
of the ES complex of P45Q, is produced, whereas in  Mattson Infinity FT/IR-GQ AR spectrophotome.ter.. . .
methanol the six-coordinate compléx should be formed, L_aser Flash PhotolysisLaser flash photolysis klne_tlc studies were
resembling the resting state of P45 Employing low- carried out with an LKS.60 spectrometer from Applied Photophysics
temperature stopped-flow and laser flash photolysis techniquesfor detection and a Nd:YAG laser (SURLITE I-10 Continuum) pump
at ambient and high pressure, suitable rate and activation oo .. operating in the second harmonicg; & 532 nm, 245 mJ pulses
9 p ’ . . with ~7 ns pulse widths). Spectral changes at appropriate wavelength
parameters can "be d?”"?d that reveal insight into the mecha-ere monitored using a 100 W xenon arc lamp, monochromator, and
nisms for .the on” and “off” processes Tor NO binding anq allow  pMT-1P22 photomultiplier tube. The absorbance reading was balanced
a comparison of the model systems with the corresponding stateso zero before the flash, and data were recorded on a DSO HP 54522A
of cytochrome P450. digital storage oscilloscope and then transferred to a personal computer
for subsequent analysis. Gastight quartz cuvettes and a pill-box cell

thiolate proteins from the bedbudd)is essential for their
biological function. In this context, an earlier report from the
Erlangen/Krakow laboratories focused on the reaction of NO
with native cytochrome P45@,and revealed mechanistic details
on the reversible binding of NO to P45@ in the absence and

in the presence of the substrate){camphor2 Very recently,
these groups studied NO binding to the synthetic hethlate
complex4,* which was considered as a reasonable model for
the kinetics of the analogous reactions with Fe(lll) heme

Experimental Section

Materials. All solutions were prepared in toluene (puriss from
Aldrich or Acros Organics) or methanat 09.9% from Roth). Complex
2 was prepared as described in the literature and characterized by UV
vis, EPR, and ESI-MS spectroscopyAll other chemicals used
throughout this study were of analytical reagent grade. NO gas,
purchased from Riessner Gase or Linde 93 in a purity of at least 99.5
vol %, was cleaned to remove trace amounts of higher nitrogen oxides
such as MO; and NQ by passing it through an Ascarite Il column
(NaOH on silica gel, Sigma-Aldrich) and then bubbling through a gas
scrubbing bottle containgn5 M NaOH (Aldrich).

Solution Preparation. All solutions were prepared under strict
exclusion of air. Toluene was distilled from a purple solution of
benzophenone over sodium under Ar directly before use. Methanol was
deaerated for extended periods with pure Ar before it was brought in
contact with complex2 or NO. The concentration of NO in NO-
saturated methanol was determined with the NO electrode to be 0.014
M at 23 °C. The concentration of NO at saturation in toluene was

(11) (a) Walker, F. AJ. Inorg. Biochem2005 99, 216. (b) Ding, X. D,;
Weichsel, A.; Andersen, J. F.; Shokhireva, T. Th.; Balfour, C.; Pierik, A.
J.; Averill, B. A.; Mantfort, W. R.; Walker, F. AJ. Am. Chem. Sod.999
121, 128. (c) Weichsel, A.; Maes, E. M.; Andersen, J. F.; Valenzuela, J.
G.; Shokhireva, T. Kh.; Walker, F. A.; Montfort, W. Rroc. Natl. Acad.
Sci. U.S.A2005 102, 594.

(12) Franke, A.; Stochel, G.; Jung, C.; van Eldik, RAm. Chem. So2004
126, 4181.

(13) Franke, A.; Stochel, G.; Suzuki, N.; Higuchi, T.; Okuzono, K.; van Eldik,
R.J. Am. Chem. So@005 127, 5360.

combined with high-pressure equipméntiere used at ambient and
high pressure (up to 150 MPa), respectively. At least 10 kinetic runs
were recorded under all conditions, and the reported rate constants
represent the mean value of these.

Low-Temperature Stopped-Flow Instrument and Software.
Time-resolved UV-vis spectra were recorded with a Hi-Tech SF-3L
low-temperature stopped-flow unit (Hi-Tech Scientific, Salisbury, UK)
equipped with a J&M TIDAS 16/300-1100 diode array spectropho-
tometer (J&M, Aalen, Germany). The optical cell had a light path of
1.0 cm and was connected to the spectrophotometer unit with flexible
light guides. Five-milliliter driving syringes were used. The mixing
chamber was immersed in an ethanol bath which was placed in a Dewar
flask containing liquid nitrogen. The ethanol bath was cooled by liquid
nitrogen evaporation, and its temperature was measured by use of a Pt
resistance thermometer and maintainedt®.1 °C by using a PID
temperature-controlled thyristor heating unit (both Hi-Tech). Complete
spectra were collected between 400 and 760 nm with the integrated
J&M software Kinspec 2.30.

All kinetic experiments were performed under pseudo-first-order
conditions, i.e., at least a 10-fold excess of NO. The studied reactions
exhibited pseudo-first-order behavior for at least three half-lives. In
all stopped-flow experiments, at least five kinetic runs were recorded

(14) Shaw, A. W.; Vosper, A. 1. Chem. Soc., Faraday Trans.1B77, 73,
1239.

(15) Kudo, S.; Bourassa, J. S. E.; Sato, Y.; Ford, PA@al. Biochem1997,
247, 193.

(16) Spitzer, M.; Gartig, F.; van Eldik, RRev. Sci. Instrum.1988 59, 2092.
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Figure 2. Electronic absorption spectra @fbefore (solid line) and after

saturation with NO (dashed line) in toluene solution. Experimental

b)
conditions: P] = 4.5x 1076 M, [NO] = 1.1 x 1072 M, 20 °C.

under all conditions, and the reported rate constants represent the mean
values. The activation parameters and corresponding error limits were
calculated from a weighted linear least-squares fit of the data.

Results

Absorbance

I. Reaction of Complex 2 with Nitric Oxide in Toluene.
A. Effect of Temperature and Pressure on the Equilibrium
Constant, Kyo. The UV—vis spectrum oR in toluene solution
exhibits a Soret band maximum at 416 nm and a Q-band at
512 nm (Figure 2). Exposure of a degassed solutioR tf a
large exces®f NO gas leads to spectral shifts of the Soret and

Co——
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Q-bands to 432 and 542 nm, respectively. The uptake of NO )
appears to be completely reversible, as judged from experiments 9ur€ 3. Spectral changes recorded for the reaction betvzand NO
. . in toluene. (a) As a function of temperature, from 5 (line 1) to’Gg(line
in which a stream of Ar gas was used to remove NO from gy. inset, temperature dependence okinf). Experimental conditions:2]

solution, consistent with the equilibrium described by eq 1. It =4 x 1076 M, [NO] = 0.0045 M. (b) As a function of pressure, from 5
(line 1) to 150 MPa (line 6); inset, IKko) as a function of pressure.

Kon Experimental conditions: 2] = 4.5 x 1076 M, [NO] = 0.011 M, 25°C.

2+ NO===2(NO) Ko 1)

Reaction of 2 with NO in Toluene

Table 1. Temperature and Pressure Dependence of Kyo' for the

should be noted that the same reaction carried out with a NO-

: - T(C) P (MPa) Kio (M7
saturated toluene solution ([NG} 0.0055 M after mixing) at
N . . K 15 0.1 360+ 17
20°C resulted in the formation of only a very small fraction of 20 197+ 14
the nitrosyl complex (only a weak shoulder at 432 nm). This 25 122410
result suggests that the equilibrium of the nitrosylation reaction 30 79+ 9
(eq 1) isstrongly shifted to the left side at room temperature. gg iiig
The effect of temperature on the equilibrium described by eq 1
. . 25 5 123+ 9
was studied over the temperature range from 5 t6Ggrigure 30 175+ 11
3a). The values of the equilibrium constants for ed<gd®"), 60 270+ 13
calculated from the spectral changes over the temperature range 90 450+ 16
15—-38 °C, are summarized in Table 1. 120 752+ 15
The temperature dependence ofdpé®) (Figure 3a, inset) AH’no (kJ mor) —71£3
f d to be li d ianifi tl ti | ASno (I molFt K1) —197+ 10
was found to be linear and gave significantly negative values AG°No (kJ molY) at 25°C 1213
for the thermodynamic parameteX$i® andAS’ (Table 1). The AV°no (CmB mol=1) —-39+2

effect of pressure on the equilibrium constafgo® was
examined in the pressure range 550 MPa (Figure 3b). The
pressure dependence of Kap'®) gave a straight line (Figure

very close to the NO stretching modes found for nitrosyl
3b, inset) and resulted iAV°yo = —39 + 2 cr® mol~L. complexes of natural hemehiolate-containing enzymes such
B. FTIR and EPR Characterization of the Nitrosyl as P45Q,"@and P45 "#P (vn-o = 1853 and 1806 cr,
Product, 2(NO). FTIR measurements on a toluene solution of respectively) and synthetic hemthiolate-ligated models such
2 under a large excess of NO revealed formation of a new
species (Figure 4a). The difference FTIR spectrun2@®fO)
and?2 (Figure 4b) shows a sharp band at 1833 ¢mwhich is

13614 J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006

(17) (a) Obayashi, E.; Tsukamoto, K.; Adachi, S.; Takahashi, S.; Nomura, M.;
lizuka, T.; Shoun, H.; Shiro, YJ. Am. Chem. S0od.997 119 7807. (b)
Hu, S.; Kincaid, J. RJ. Am. Chem. S0d.991, 113 2843.
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Figure 4. (a) FTIR spectra of a toluene solution of compkkefore (solid line) and after saturation with NO gas (dashed line), measuretCa(l) The
difference FTIR spectrum of toluene solutions 2find 2(NO). (c,d) EPR spectra of a toluene solutionbefore and after saturation with NO gas,
respectively.

as SR2 and SR-HB" (vn—o = 1828 and 1837 cn, respec-

tively'®). To investigate the Fe(lll) spin state of the complex 0'30__ /
2(NO), the EPR spectrum of a degassed toluene solutich of 0.25 - g1/
was recorded before and after NO saturation (Figure 4c,d). The Eooed |
spectrum of the nitrosyl complex shows a complete disappear- 20 <

ance of the signal aj = 5.78 (characteristic for the high-spin

complex?) and appearance of a weaker new signg &t1.98. § 015 o
The nitrosylation reaction appears to be completely reversibleg ’

as judged from the EPR spectrum recorded after the removal$

of NO from the solution by bubbling through a stream of Ar < 0-101

(the spectrum displays complete recovery of the signagl=at

5.78; spectrum not shown). To investigate the nature of the %%

signal atg = 1.98, obtained by treatment of a toluene solution 000

of 2 with an excess of NO, an experiment was performed
wherein degassed toluene was saturated with NO and an EPR Wavelength, nm

Spectrum was recor(_jed for the so-prepared .SOIUtlon (Figure S:L’Figure 5. Spectral changes of the Q-band region recorded during NO
Support_lng |nf0rmat|0n)- As JUdQe(_j from this spectrum "?md @ binding to2 in toluene at-70 °C. Experimental conditions:2] = 1.5 x
comparison with the spectrum obtained in the EPR experiments10-¢M, [NO] = 1.4 x 10°° M, spectra recorded within-61 s after mixing.

for the2(NO) complex (Figure 4d), it is persuasive to interpret Inset: Typical absorbanegime plot for NO binding ta2, recorded at 542
the signal aty = 1.98 in the latter as stemming from an excess ™ under these conditions.

of NO in the complex solution. temperature stopped-flow instrument, are shown in Figure 5.

C. I__ow-Temperature Stopped-Flow Study_ of the On A typical kinetic trace, recorded at 542 nm-a70 °C for NO
Reaction.At room temperature, the “on” reaction described by binding to2 in toluene, is shown in the inset of Figure 5.

eq 1 was found to be too fast for stopped-flovy studies. However, The rate of reaction (1) with NO in excess is expected to
the use of a Iow-temperaturg stopp.ed—fllow instrument er""‘b!ecjfollow pseudo-first-order kinetics, for which the observed rate
us to measure the rate of this reaction in the NO concentration constantkeps can be expressed by eq 2. Plotskafs versus
range (1.4-4.1) x 107> M over the temperature range from
—70to—40°C. Typical spectral changes for nitric oxide binding Kops = Ko [NOJ + Ky 2)
to complex2 (Q band), recorded with the rapid-scan, low-

(18) Suzuki, N.: Higuchi, T.; Urano, Y.; Kikuchi, K.; Uchida, T.; Mukai, .. LINO] were linear at all temperatures (Figure S2, Supporting
Kitagawa, T.; Nagano, TJ. Am. Chem. So200Q 122, 12059. Information), and the resultingon values are summarized in

T T T T T T T T T T T T T T T T T T T
460 480 500 520 540 560 580 600 620 640
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Table 2. kon and kot Values and Activation Parameters for the
Reversible Binding of NO to Complex 2 in Toluene As Measured 0.0
with the Low-Temperature Stopped-Flow Technique
kon % 1076 Kot -0.1 4
T(°C) M~ts™) (s
—70 0.79+ 0.09 -3+3 ® .0.2-
—60 0.89+ 0.06 142 =
—50 0.99+ 0.09 5+ 3 3
—45 1.04+ 0.03 9.2+ 0.8 & Mo
—40 1.08+ 0.05 14+ 1 3
AH?* (kJ mol?) 2.3+1.0 43+ 10 < 0.4
ASF (I morl K- —118+5 —38+ 42
AG* (kJ mol2) at 25°C 37+1 54+ 10 P

Table 2. They appeared not to be very temperature sensitive .06 . . : . , . ;

(the relatively large change in temperature frefii0 to —40 0.0 3.0x10* 6.0x10" 9.0x10*

°C resulted in only a small change in thg, values). A linear Time, s

Eyring plot of these data gave a very small value for the Figure 6. Typical flash photolysis kinetic trace recorded at 435 nm for
activation enthalpy and a significantly large and negative value the formation of the(NO) complex. Experimental conditions2][= 1 x

for the activation entropy (Table 2). 105 M, [NO] = 0.0037 M in toluene at 8C, lexc = 532 nm.

D. Kinetics of the Dissociation of NO from the 2(NO) Scheme 1

Complex. The reaction described by eq 1 appears to be A=532nm
completely reversible. At room temperature, the equilibrium is l
strongly shifted to the left side. In principlkys could be directly Ko
determined from the experiment in which t&(NO) equilib- 2-NO ? 2+ NO

rium is disturbed via dilution. Indeed, mixing of tt&2(NO)
equilibrium solution with deoxygenated toluene resulted in the
rapid formation of comple®2. However, attempts to determine
ko in the temperature range—20 °C using the stopped-flow

technique failed. The back reaction (binding of NO) appeare

to be too fast between 5 and 2@, and only the end of this . .
reaction could be observed using the stopped-flow technique.Va/ues obtained from the rapid-scan stopped-flow method are

At lower temperatures<(5 °C), the 2(NO) complex is more subject to larger fitting errors due to the limited number of points
stable and dilution did not ha\’/e an effect on the reaction: i.e.. Present for each kinetic trace). Laser flash irradiation at 532

only formation of the nitrosylation product is seen after dilution "™ Of an equilibrium mixture of compleand2(NO) leads to
with toluene. labilization of NO from the latter complex and relaxation of

In principle, the NO dissociation rate constant at lower he non-steady-state system back to the original equilibrium
temperatures can be obtained from the intercept of the plot of POSition, which can be followed spectrophotometrically accord-
kops VS [NOJ at the appropriate temperature (see Table 2). Ingto Scheme 1. The decay of the transient was followed using
However, it should be noted that these values are subject to aSingle-wavelength detection at 435 nm and fitted to a single-
relatively large extrapolation error, and the small valuek,gf ~ €xPponential function. A typical flash photolysis kinetic trace
cannot be determined accurately in this manner (for example, "écorded for NO binding to complek is shown in Figure 6.

significantly faster time scale than the stopped-flow method.

Therefore, this technique enabled us to measure the rate
g constants for NO binding to compleéX(kopg in @ much higher

NO concentration range (mM) and in a more accurate Way (

kot Values at-70 or—60°C are close to zero). The linear Eyring The observed rate constarisps increases linearly with

plot of In(ko/T) vs /T resulted in a relatively high activation  increasing NO concentration in the temperature rang@®C,

enthalpy and a small value for the activation entropy. with very large values for the intercepts (see Figure S3,
The values of the reaction parametexsif = AH%, — AH Supporting Information). The values &f, and ko obtained

andAS’ = AS,, — AS') calculated on the basis of the kinetic  from the slopes and intercepts of these plots, respectively, are
data in Table 2 agree rather poorly with those obtained from summarized in Table 3. The temperature dependenkg ahd

the thermodynamic experiments. However, this apparent dis- Kot Was used to construct Eyring plots for the forward and back
crepancy can be easily explained in terms of the relatively large reactions. The activation parameters for NO binding are
extrapolation errors in the determination of the values of the characterized by a very small value &4H*,, and a large and
activation parameter for the forward and back reactions. negative value foAS, (Table 3). They are in good agreement
Therefore, it seems more reasonable to calculate the free energyvith the activation parameterAi*,, andAS',r) obtained above
AG?® for the overall reaction (1) from the kinetieG values, from the low-temperature stopped-flow experiments (see Table
which should give a more reliable value due to partial 2). The activation enthalpy and entropy for NO dissociation from
compensation effects that occur in the activation paramatdrs ~ 2(NO) were found to be more positive and more accurate than
and AS. Indeed, the value oAG° obtained from the kinetic ~ those determined by low-temperature stopped-flow measure-

data at 298 K AG°s = —17 £+ 11 kJ mofl?) is, within ments (see experimental error limits &H¥,; and AS o in
experimental error, very close to that obtained in the thermo- Tables 2 and 3). Accordingly, the value AiG° for reaction
dynamic studiesAG°z9s = —12 £ 3 kJ mol™?). (1) obtained from the flash-photolysis studidsd® = —13 +

E. Laser Flash Photolysis KineticsLaser flash photolysis 4 kJ mol! at 298 K) is very close to the value of the free energy
can be employed to study the kinetics of a reaction on a determined in the thermodynamic studies.
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] methanol leads to the partial disappearance of the bands at 416
4.2x10% R and 512 nm (characteristic of the five-coordinate com#gx
N with concomitant formation of new bands at 396 and 532 nm
3.6x10°7 (Figure S5, Supporting Information). The spectra display clean
3.0x10° . isosbestic points, indicating that the equilibrium is simply
: expressed as shown in eq 3.
‘@ 2.4x10" v
% 1 Kieon
4 8x10°- b4 2+ MeOH=——"=5 3)
1 2x1 04_- The equilibrium constanKveon, determined from the spectral
. changes appeared to be rather small and equalsH.205
6.0x10° M~1 at 25 °C. The effect of temperature and pressure on
0.0 ] - equilibrium (3) was studied over the temperature rangd@
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 °C and the pressure range 150 MPa. The values dfweon
[NOI, M were calculated from the spectral changes in the same way as

Figure 7. Plots ofkeps vs [NO] for the reaction of with NO over the for the rea_Ction oR with NO. _The linear F’_lOtS of Imeor) Vs _
pressure range of 3A.50 MPa as measured by laser flash photolysis at 30 1/T or P (Figure S6, Supporting Information) gave the reaction
(m), 60 @), 90 (a), 120 (v), and 150 MPa®). Experimental conditions: parameters:AH yieon = —13.9+ 0.2 kJ motl, ASvieon =

= 6 = i =
@ el AN = 0.0015-0.007 Miin toluene at 20C, Zec —33.7+ 0.8 J mot? K1, and AVPyeon = —6.5 = 0.2 cn?

mol~1.
Table 3. Rate Constants and Activation Parameters for NO To investigate the spin state ®fn the presence of methanol,
Binding to Complex 2 As Determined by Laser Flash Photolysis 0.57 mg of complex2 was dissolved in degassed toluene (0.1
. kon:ﬂ}f kgf; mL), and EPR spectra were measured upon subsequent addition
(0 P (MPa) M~s7 ) of MeOH. For a MeOH/toluene ratio of up to 2/1, no low-spin
io 01 11§i 8-% g?ggi 228 signals could be detected (Figure S7a, Supporting Information),
15 1:61 01 5570+ 360 the only_ obvious (_:hanges in_ the spectrum being a slight
20 1.7+ 0.1 8470+ 240 broadening and shift of the signal gt= 5.8 to 5.6 and a
25 1.80+ 0.05 12470+ 120 decrease of the signal intensity due to dilution of the sample.
30 1.88+0.07 18630+ 180 The same result (high-spin signal) was obtained when complex
20 638 2(-17071 811)8 g;zgii 43138 2 (0.52 mg) was dissolved in degassed MeOH (0.1 mL) and
90 594 01 66204 480 EPR spectra were measu_red upon subsequent addition pf
120 7.0+ 0.7 56604 2230 toluene. Although the matrix prevented an adequate analysis
150 9+2 4220+ 5230 for pure MeOH solution, the recorded spectrum still adumbrates
AH (kJ mof?) 442 58+ 2 a high-spin iron(lll) species. Another scenario was observed
ﬁg((JkTorlr}f)ﬂ% Jsec _%ig J%?)ig when complex2 (0.56 mg) was dissolved in degassed toluene
mol?) at 25° ;
AV (e mol-1) o511 1743 (0.1 mL) but was then treated with a saturated MeOK/MeOH

solution, instead of methanol. The spectrum after addition of

50 uL of MeOK/MeOH displays dominant signals of the low-
The effect of pressure on NO binding to compiix toluene spin iron(lll) complex,g = 2.42, 2.15, and 1.93 (Figure S7b,

was studied at 20C over a NO concentration range from 0.0015 Supporting Information).

to 0.007 M. From plots okqps vs [NO] at different pressures B. Thermodynamics of NO Binding to Complex 5.

(P) (Figure 7), values okon andkost were determined and are  Exposure of the degassed methanol solutiob tf an excess

summarized in Table 3. The linear plots ofKg{) vs P and of NO gas leads to the formation of a new species characterized

In(kotr) vs P (Figure S4, Supporting Information) clearly show by Soret and Q-bands at 424 and 542 nm, respectively (Figure

that the NO binding rate constark,f) increases significantly  8). The binding of NO to5 in methanol was shown to be

with increasing pressure, whereas the NO dissociation ratecompletely reversible, consistent with the equilibrium expressed

constantKor) decreases with increasing pressure. The resulting in eq 4.

value of the activation volume was found to be large and

negative for the “on” reaction and much smaller (in absolute 5+ NO Kno

value) and positive for the dissociation reaction. The reaction

volumeAV® for the overall equilibriumAV°® = AVFy, — AV o) However, the reaction carried out with NO-saturated methanol

is substantially large and negative, viz32 4= 4 cn® mol~! solution ([NO] = 0.007 M after mixing) at 20C resulted in

which is in good agreement with the value®¥° found in our the formation of only a very small fraction of the nitrosyl

thermodynamic studies, viz=39 & 2 cn® mol~1. Thus, there complex. The behavior observed was the same as for the reaction

is a significant overall change in the partial molar volume during carried out in toluene solution and indicates that the equilibrium

met

2(NO) + MeOH (4)

NO binding to complex2. in reaction (4) is also strongly shifted to the left at room
II. Reaction of Complex 2 with Nitric Oxide in Methanol. temperature.

A. Coordination Environment and Spin State of 2(Fé") in As for the binding of NO t& in toluene, equilibrium (4) is

Methanol. The electronic absorption spectrumzih methanol also strongly affected by temperature and pressure (Figure S8a,b,

exhibits two bands in the Soret region (396 and 416 nm) and a Supporting Information). The values of the equilibrium constants

Q-band at 532 nm. Titration of the toluene solution2ofvith Kno™® calculated from the spectral changes at various tem-
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Figure 8. Electronic absorption spectra 6fbefore (solid line) and after
saturation with NO (dashed line) in methanol solution. Experimental
conditions: p] = 1.2 x 1075 M, [NO] = 1.41 x 1072 M, ~0 °C.

T
400

Table 4. Values of Kno™et and Thermodynamic Parameters for the
Binding of NO to 5 in Methanol

KNOmel

T(°C) P (MPa) M
5 0.1 142+ 10
10 92+ 6
15 61+ 4
20 38+ 4
25 26+ 3
25 0.1 27+ 2
50 59+ 2
100 111+ 6
150 162+ 9
AHCNo™t (kI mol2) —59+ 4
AS’no™t (I mol 1 K1) -169+ 13
AG°no™t (kI moll) at 25°C —9+4+4
AVeNo™et (cmB mol—L) —28+1

Table 5. Rate and Activation Parameters for NO Binding to 5 in
Methanol

knn x 1073 koﬂ

T(°C) (M~s7) G|
—80 14+0.1 0.06+ 0.25
=70 2.5+0.2 0.31+ 0.50
—60 41+0.1 1.31+0.24
—50 5.8+0.1 3.9+0.2
—40 8.5+ 0.8 12+ 2
AH?* (k3 motd) 14+ 0.7 44+ 5
ASH (I mol1 K1) -107+3 —344+22
AG* (kJ molY) at 25°C 46+ 1 54+ 5

298 K) is in close agreement with that determined in the
thermodynamic studies.

D. Stability of the 2(NO) Complex in Methanol. 2ANO)
appeared not to be stable in methanol. Over a longer time under
an excess of NO, the nitrosyl complex @f undergoes a
subsequent slow reaction characterized by a shift in the Soret
band to 413 nm, with a concomitant increase in absorbance
(Figure S11, Supporting Information). These slow absorbance
changes followin@(NO) complex formation were not observed
in toluene under the same conditions. However, it should be
noted that a similar slow reaction was also observed for NO
binding to4 in methanol® Based on reports in the literature,
methanol can induce a nucleophilic attack at coordinated nitrosyl
(NO™) and lead to reductive nitrosylation of ferric porphyrifis.

In addition, nitrite impurities can also catalyze the reductive
nitrosylation of ferri-heme systend8 We therefore suggest that
the second slow reaction leads to the formatio2(@e')(NO)

as a final product. This suggestion was confirmed by an
experiment in which first complexwas reduced t&(Fe') with
NaBH, in methanol (Figure S12, Supporting Information, line
2) and then the reduced complex was treated with NO (line 3).
The spectrum o2(F€')(NO) is characterized by a band at 413

temperature and pressure dependencé @™t gave good

final product obtained when compleéxwas treated with an

straight-line fits (insets of Figure S8a,b) and resulted in €xcess of NO over a longer time.

significantly large and negative thermodynamic parameters

(Table 4).

C. Low-Temperature Stopped-Flow Study on the Revers-
ible Binding of NO to Complex 5 in Methanol. The binding
of NO to 5 was studied in methanol in the NO concentration
range from 7.6x 104 to 3.8 x 103 M over the temperature
range from—80 to—40 °C with the use of the rapid-scan, low-

Discussion

Suggested Mechanism for the Formation of 2(NO) in
Toluene.The thermal activation parameters for the “on” reaction
described by eq 1 show a very small value for*,, and a
substantially negative value foAS’,, These features are
consistent with the mechanism proposed earlier for NO binding

temperature stopped-flow instrument. Typical spectral changesto iron(ll) heme proteird and other heme model systefis.
and a kinetic trace recorded for this reaction in methanol at 424 The same mechanism was also suggested for NO binding to

nm are shown in Figure S9 (Supporting Informatidg)svalues
increase linearly with increasing [NO] for all the studied

cytochrome P45Q.in the presence of the substrate (campkbor).
In such a mechanism, an encounter complex is formed prior to

temperatures (Figure S10, Supporting Information). The values Fe—NO bond formation, according to eq 5, whéegis the rate
of the binding and dissociation rate constants obtained from constant for the diffusion-controlled formation of the encounter
the slopes and intercepts of these plots, respectively, arecomplex,k_p is the rate constant for the dissociation of the

summarized in Table 5.

The linear Eyring plot of the data in Table 5 resulted in a (19) (&) Mu, X. H.; Kadish, K. Minorg. Chem1988 27, 4720. (b) Gwost, D.;

relatively small value for the activation enthalpy and a negative
value for the activation entropy (but more positive than found (20)
for these parameters in toluene). The activation parameters
(especially activation entropy) for the back reaction were (1)
determined less accurately due to large extrapolation errors in

determining thek,s values. However, the value of the free
energy calculated from these dated® = —8 & 6 kJ mol ! at

13618 J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006

Caulton, K. G.J. Chem. Soc., Chem. Commu®73 64. (c) Gwost D.;
Caulton, K. G.Inorg. Chem.1973 12, 2095.

(a) Fernandez, B. O.; Ford, P.L.Am. Chem. So003 125, 10510. (b)
Fernandez, B. O.; Lorkovi, I. M.; Ford, P. Gorg. Chem2003 42, 2. (c)
Fernandez, B. O.; Lorkovi, |. M.; Ford, P. Gorg. Chem2004 43, 5393.
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the binding of NO. As revealed by the EPR measurements, the
2(NO) complex in toluene appears to be EPR silent, indicating
. o ] that2(NO) is formally a FE—NO™ species. A similar behavior
encounter complex, ankk is that for the “activation” step in  \ya5 observed for many nitrosyl complexes of ferric hemopro-

which the Fe.NO.bond is formed. On the basis of the steady- {ains or synthetic Fe(lll) porphyrirfé. The appearance of the
state approximation for the encounter complex, the observed,; ook “unusual”’ EPR signal with characteristic shapeguwalue

rate constant can be expressed by eq 6, wkare: kako/(ka + (g = 1.98) can be ascribed to nonspecific interactions of excess

kKo NO with the matrix or other trace contaminant present in the
Kops = T[NO] +k_, (6) NO-saturated solution. Indeed, this feature has been observed
ket ko by others?* and it was confirmed in the present study that the
anomalous resonance@t 1.98 (or 1.99) was reproducible in
concentrated NO solutions alone. Furthermore, in our investiga-

2+ NO =2+ {2/|NO} == 2(NO) 5)
D a

k_p) andk.¢ = k—o. The value of the second-order rate constant,
Kon, for the binding of NO t&® was found to be many orders of

magnitude smaller than that for diffusion-controlled reactions tloln, complete f"?rs'(;)'“tyﬂ()f the nltro‘ls,yl?tlon r?acnor;]mlh
in toluene (viz., the rate constant for NO binding to thd Fe  toluéne was obtained. After removal of NO from the EPR

(TPP) in toluene was found to be 5:21(° M1 s at 25°C) 22 sample of2(NO) in toluene, complete recovery of the signal at

This means that, in the studied cakg.< k_p, and thekon g= 5_.78 was observed, indicating complete re-for_mation_of
expression can be simplified to eq 7. the high-spin comple®. Hence, the unusual EPR signal did

not originate from the interaction of NO with the reduced form
Kon = kko/K_p @) of complex2, i.e., via reductive nitrosylatio#¢ but from NO
itself.

It is very likely that the spin-state change during the
nitrosylation process can account for the relatively small values
o A + T _ of the NO binding rate constants,{) found in the present study
Al on = AH (k) + AH (ko) — AH (k;D) N in comparison to the rates found for the reaction of NO with

AH'(k) + AH(Kp) (8) five-coordinate ferrous heme proteins or other synthetic por-
phyrins which also have a vacant coordination site a& iAs
AS,,= AS'(k) + AS'(ky) — AS'(k_p) = already shown by Hoshino and Kog#éftéor a series of model
A§(ka) +AS(Kp) (9) porphyrin complexes, the smallest NO binding rate constants
were found for complexes that have to undergo the largest
— _ _ reorganization in terms of spin multiplicity. For example, the
AV on = AVI(Q) + AVi(ko) ~ AV'(k ) = rate of NO binding to MRTPP (high-spin MATPP, S = 5/,,
AV*(ka) + AV°(Kp) (10) after NO binding gives low-spin MITPP(NO),S = 0) was
o almost 2 orders of magnitude slower than the reaction of NO
Thus, the values of the apparent activation parametes , with Fé' TPP (high-spin PETPP,S= 2, after NO binding gives
ASFop) for kon are the sum of two terms, viz. activation enthalpy low-spin FETPP(NO),S = 1/,) and C#TPP (low-spin Cb-
or entropy for the activation stejif and reaction enthalpy or TPP.S= 1/,, after NO ’binding gives low-spin CFPP(NO),S
entropy for the encounter complex formatiokpj. The kon = 0). In the present system, binding of NO to Fe(lll) is
values determined in the present study seem to be little accompanied by a large spin change frém= 5, to S = 0.

mfluen_ced by temperature. The activation parameters for the Moreover, IR spectroscopy revealed that the.o mode in
formation of the nitrosyl complex & show a good agreement iﬂ

For the activation-limited process, the activation parameters
for the “on” reaction can be defined as follows:

; NO) (vn—o = 1833 cnr?) is close in its nature to they-
between measurements made by using low-temperature stoppe -( ) o ) N0

f dl fiash photolvsis techni d h tori odes of other natural hem¢hiolate-containing enzymég:.18
ow and faser flash phololysis techniques and are€ characterizedr ;. suggests that the F&O group in the nitrosyl complex

N )
by a tv ery srrall V?sti Oﬁg. on antcr: a substﬁntlallyt_large and of 2 also adopts a linear structure and formally can be described
negter: ve value o .t°."' Ince b? tovera rftic :cm 'S ant_ as FE—NO™, as observed, for example, in P45gNO).26 This
exothermic process, it is reasonable to expect that the reaction ¢ 1t Pi—NO bond formation in thé, pathway (eq 5)

elnthalpy for the etpcountetr.k():o?wpletx ];?]rmat'(m-( (.KD)A)“BV;Q” should be accompanied by considerable charge transfer from
aiso give a hegafive contribufion to the eXpressionaston NO to the Fe(lll) center to formally give fe-NO™.

and lead to partial compensation of the two opposite terms. In o N
such a case, the sum aH?(ks) and AH°(Ko), represented by The activation parameterat¥or, AS o1, andAV#or) for the
release of NO from the nitrosyl complex @fare consistent

eq 8, would be a small value. i , - ) s .
It should be noted that the negative values found for the with a reaction mechanism in which the irenitrosyl bond is
activation entropy and activation volume are also consistent with Proken. During this process, the spin state of iron changes from
an activation-controlled reaction mechanism, i.e., rate-determin- 10W-Spin to high-spin, which will result in a positive contribution
ing F&'—NO bond formation. Moreover, the substantially O the values oS’ andAVior. Since in the compleZ(NO),

. . . . . In_ — +
negative values can be partially associated with a spin change™€' ~NO has F&é—NO™ character, FeNO bond cleavage
from high-spin Fe(lll) (sexte® complex,S = %/, plus doublet
NO,S= 1/2) to Iow—spin Ed' —NO (singlet2(NO), S= 0) during (24) (a) Nelson, M. JJ. Biol. Chem.1987, 262, 12137. (b) Arciero, D. M.;

Orville, A. M.; Lipscomb, J. D.J. Biol. Chem.1985 260, 14035. (c)
Brouwer, M.; Chamulitrat, W.; Ferruzzi, G.; Sauls, D. L.; Weinberg, J. B.

(23) (a) Ebel, R. E.; O'Keeffe, D. H.; Peterson, J.FEBS Lett1975 55, 198. Blood 1996 88, 1857. (d) Wolak, M.; Stochel, G.; Hamza, M.; van Eldik,
(b) O’Keeffe, D. H.; Ebel, R. E.; Peterson, J. A.Biol. Chem1978 253 R. Inorg. Chem200Q 39, 2018.
3509. (c) Yonetani, T.; Yamamoto, H.; Erman, J. E.; Leigh, J. S., Jr.; Reed, (25) Hoshino, M.; Kogure, MJ. Phys. Chem1989 93, 5478.
G. H.J. Biol. Chem.1972 247, 2447. (26) Hu, S.; Kincaid, J. RJ. Am. Chem. Sod.99], 113 2843.
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Table 6. Comparison of the Rate and Equilibrium Constants and
Thermodynamic and Kinetic Parameters for NO Binding to the
Five-Coordinate High-Spin Iron(lll) Center in P450¢am
(Camphor-Bound Form)!2 and Complex 2 in Toluene

P450,4y + camphor
(E+S-P4504,,)12

(3.2+0.5)x 10°

complex 2
in toluene

(1.80+ 0.05) x 108

kon (M~1s71) at 25°C

AHon (kJ mot) 14.1+0.1 4+2
ASon (I MoFL K1) ~73.1+ 0.4 —~111+6
AG¥on (kJ mol?) at 25°C 35.9+ 0.1 37+ 2
AV, (cm® mol1) —7.3£0.2 —25+1
kit (1) at 25°C 1.93+ 0.02 (1.25+ 0.01) x 10
AHir (kJ mol?) 83.8+0.7 58+ 1
ASori (I moFL K1) +41+2 +29+5
AGi (kJ motY) at25°C  71.6+ 0.7 50+ 1
AV (cm® mol™?) +24+1 +7+3
Kno (M~1) at 25°C (1.2+0.4)x 106 122+ 10
AH° (kJ mot?) ~69.7+ 0.8 —71+3
AS (I mol1K-?) ~114+ 2 197+ 10
AH° (kJ mol1) at 25°C —35.7£0.7 —124+3
AV® (e mol-1) —31.3+12 -39+ 2

should formally be accompanied by charge transfer from the
metal to the nitrosyl ligand, i.e., a formal oxidation of'Fe
Fe'.

Complex 2 as a Model for Cytochrome P450The five-
coordinate, high-spin Fe(lll) porphyridin a non-coordinating

Kot values from (0.94+ 0.2) x 1% to (0.5+ 0.2) x 10° and
28.84 0.8 s1, respectively?228 The extremely large value of
Kort found for the dissociation of NO froB(NO) can also be
accounted for in a similar way. It seems likely that, in this case,
the electron-donating character of the fifth ligand (RS@roup)
plays an important role.

It is important to note thak. values obtained for NO
dissociation from nitrosyl complexes of model Fe(lll) porphyrins
are in general much larger than the correspondiggvalues
found for nitrosyl complexes of native iron(lll) hemopro-
teins22:30 Considering the release of NO from the nitrosyl
complex of ES-P45Q.y, at least two factors are expected to
dominate the NO dissociation/mechanism: (i) the electron-
donating character of the thiolate-H-bonded proximal ligand and
(ii) the interaction of the iron(lll)-bonded NO with camphor or
with the protein active site. It is reasonable that these factors
will contribute to the significantly more positive values of the
activation parameters found for NO dissociation from the
nitrosyl complex of camphor-bound P45@compared to those
found for the2(NO) system.

As a result of the high value d&s for the 2(NO) complex,
the equilibrium constarno®® for NO binding to complex in
toluene appears to be 4 orders of magnitude smaller khgn
found for the reaction between NO and¥E=P45Q,m (Table 6).

solvent such as toluene can be regarded as an analogue of th&he overall reaction volumes seem to be similar for th8-E

E-S complex of cytochrome P4g&@, having the same coordina-

P45Q.{NO and2/NO systems and indicate a drastic volume

tion sphere except for the replacement of a H-bonded thiolate decrease on going from the reactant to the product states, which

ligand in the enzyme by a SO ligand in 2. This difference
does not seem to influence the second-order rate consiant
significantly. As shown in Table 6, for E-S-P45Q,nis only
1.8 times higher thak,, for binding NO to2, and hence it
seems that, in both casés, is dominated by spin-state changes
from high-spin to low-spin on binding of NO. The major
differences betweef and ES-P45Q,m however, are (i) the
protein environment and (ii) the presence-¢j{amphor bound
at the distal side at a distancésbA from the CH, group (C-5

of the substrate) to Fe(lll). Accordingly, there is free access
for NO to bind to Fe(lll) of2 but considerable hindrance of
camphor for binding NO to Fe(lll) of protoporphyrin I1X. This

can be partially ascribed to the high-spBi= /) to low-spin

(S = 0) transition of the Fe(lll) center during the binding of
NO. However, despite the similarity in th&V° values, the
volume profile in terms of the position of the transition state
for the reaction between NO and camphor-bound R4ibffers
significantly from that observed for the binding of NO to
complex?2 in toluene. As can be seen from Figure 9b, in the
case of NO binding to £5-P45Q,m the transition state for the
“on” reaction can be described as “early” and that for the “off”
reaction as “late” in terms of the overall volume change during
the reaction; i.e., the nature of the transition state is close to
that of the reactant state. This trend also corresponds to a

is expected to be reflected in the different activation parametersrelatively fast “on” and a slow “off” reaction and the resulting

for the “on” reaction of2 versus ES-P45Q.m

The value of the activation enthalpy determined for the
reaction between NO ar@lwas found to be much lower than
for the ES-P45Q,{NO system. It is accompanied by much
more negative values for the activation entropy and activation
volume compared to those reported for NO binding #&E
P45Qam (see Table 6). In contrast, the rate constant for NO
dissociation from the nitrosyl complex @fis almost 4 orders
of magnitude larger than the correspondigg value obtained
for the ES-P45Q,,/{NO system (see Table 6). It has already

high binding constant for NO. In the transition state, the NO
molecule seems to be only partially bound teSEHP45Q4m
Following the transition state, there is a large volume collapse
associated with the completion of bond formation and the high-
to-low spin change. A different scenario is observed for the
reaction between NO and@ In this case, the volume profile
(Figure 9a) clearly demonstrates a “late” transition state for the
“on” reaction and an “early” transition state for the “off”
reaction, which is in agreement with relatively slow “on” and
fast “off” reactions and the resulting much lower binding

been shown that NO dissociation rates for Fe(Por)(NO) systemsconstant for NO. Furthermore, the activation volume for the

are largely affected by the nature of the binding site. For
example, coordination of the proximal histidine to the iron(ll)
of sGC reduces the equilibrium constant for NO binding by a
factor of 1@, with most of the decrease being due to a dramatic
increase in NO dissociation raté.Similarly, changing the
features of the porphyrin ligand in a series of''fBor)(NO)
complexes, where Per TMPS, TPPS, and TMPyP, tunes the

(27) Sharma, V. S.; Magde, Methods-Companion to Methods Enzymd999
19, 494.
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binding of NO is significantly negative. This volume collapse
is close to the partial molar volume of NO that has been reported
to be 27 crimol~! in aqueous solution at 2% 3 This suggests
that the volume collapse associated with the forward reaction

(28) Theodoridis, A.; van Eldik, RJ. Mol. Catal. A: Chem2004 224, 197.

(29) Hoshino, M.; Laverman, L. E.; Ford, P. Coord. Chem. Re 1999 187,
75 and references cited therein.

(30) Wanat, A.; Wolak, M.; Orzel, I.; Brindell, M.; van Eldik, R.; Stochel, G.
Coord. Chem. Re 2002 229 37 and references cited therein.

(31) Plyasunov, A. V.; O'Connell, J. P.; Wood, R. Beochim. Cosmochim.
Acta200Q 64, 495.
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Figure 9. Comparison of volume profiles for NO binding to (a) complex
2 in toluene and (b) camphor-bound P4&¢'3

is prevalently due to the entry of NO into coordination sphere
and formation of the FeNO bond. Since the high-spirr low-

spin transformation is accompanied by a volume decrease of

between 12 and 15 cimol~1,32the subsequent volume collapse
of 7 & 3 cn® mol~1 following the transition state can be ascribed

to the spin-state change on the Fe center. A similar behavior

was observed in the case of binding of carbon monoxide to the
iron(l1) cyclidene complex [P§{PhBzXy)](PF)..22 The volume
profile found for this reaction clearly shows a “late” transition
state in terms of FeCO bond formation, corresponding mainly

to the volume change associated with the disappearance of the

CO molecule into the ligand pocket (volume collaps&7 cn?
mol~tin toluene). Following the transition state, there is a high-
spin to low-spin change on the iron(ll) center, during which
the metal center moves into the ligand plane (volume collapse
~11 cn® mol™?).

Suggested Mechanism for Formation of 2(NO) in Metha-
nol. The spectrum of compleX in methanol displays a
characteristic split Soret band which is indicative of the six-
coordinate Fe(lll) porphyri®. Such a behavior is predicted by
calculation for six-coordinate hemthiolate system&! The
small value of the formation constant found for the binding of
methanol to comple? (Kyeon = 0.20+ 0.05 M1 at 25°C)
suggests that C4#0H must be weakly bound to the Fe(lll)

(32) (a) Messana, C.; Cerdonio, M.; Shenkin, P.; Noble, R.; Fermi, G.; Perutz,
R. N.; Perutz, M. F.Biochemistry1978 17, 3652. (b) Morishima, L.;
Ogawa, S.; Yamada, HBiochemistry198Q 19, 1569.

(33) Buchalova, M.; Busch, D. H.; van Eldik, Rorg. Chem1998 37, 1116.

(34) Loew, G.Int. J. Quantum Chen200Q 77, 54.

center. As shown by EPR measurements, this interaction does
not lead to a change in the spin state of Fe(lll), and complex
remains a high-spin species in methanol. The relatively small
values of the thermodynamic parameters, especially the reaction
volume AV° = —6.54 0.2 cn? mol™1), found for equilibrium

(3) also confirm this observation. They are characteristic for
the binding of methanol to the Fe(lll) center Bfwithout a
change in the spin state of the metal.

The reaction between NO arilin methanol is almost 300
times slower (at—=70 °C) than that in toluene. This can be
ascribed to the vacant position in the coordination sphere of
complex2 in toluene, which is a non-coordinating solvent. In
methanol, the coordination site is occupied by a methanol
molecule that is H-bonded to MeOH solvent molecules (see
5), which must be displaced by NO. A similar scenario was
observed in the case of NO binding to the hetttgolate model
complex4 in methanol, which was almost 3 orders of magnitude
slower than the reaction in tolueh&.The overall reaction
volume found for NO binding t@® is more positive (of about
6—10 cn? mol™Y) than that found in toluene. Since the overall
reaction for the association of MeOH with comp[2in toluene
is accompanied by a volume collapse of 9.1 cn? mol1,
it is reasonable to conclude that the difference betweentiffe
values for the nitrosylation reactions fin toluene ancb in
MeOH is mainly due to displacement of a methanol molecule
from the coordination sphere of iron(lll) in the latter case. All
these observations, along with the small valueAdd and
substantially negative value @fSfound for NO binding tob,
are consistent with an associative interchangenflechanism,
as expressed in eq 11.

Hs
o aho N H
ﬁﬂeg =3-He=- _
=LlLs c‘)\‘{%
o 0
5 R
242
E=SFet== +CH,OH (11)
0. .0
fo
2-NO

As a result, the value oAH*, ;™! reported in this study for
the forward reaction must include the energy required to partially
break the F8—CH;OH bond and should therefore be much
larger than the corresponding value determined in a non-
coordinating solvent. In such a case, the activation entropy,
ASo™t involves a positive contribution from the partial
cleavage of the F&—~CH3OH bond and should be significantly
more positive than the corresponding value found in toluene.
Similarly, the value of the activation volume for NO binding
to 5in methanol AV, Mt is also expected to be more positive
than the value oAV*,, found in toluene. However, due to the
instability of the nitrosyl complex in methanol (a subsequent,
slow reaction was observed following NO binding 3 we
were not able to determin&V¥, ™etin methanol with the laser
flash photolysis technique. Furthermore, the NO binding reaction
was too fast for the high-pressure stopped-flow technique. It is
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Figure 10. Volume profiles for reversible NO binding to (a) compl&in
methanol and (b) the substrate-free form of R480

Table 7. Comparison of the Rate and Equilibrium Constants, as
Well as Thermodynamic and Kinetic Parameters, for NO Binding
to the Six-Coordinate, Low-Spin Fe(lll) Center of the Resting State

of P450cam!? and the Enzyme Model Complex 5

P450,,, resting
state!?

complex 5
in methanol

kon (M~1s71) at 25°C (3.20+ 0.02) x 108

(0.6+0.05)x 10Pa

AH*o, (kJ mol2) 92+ 1 14+1
ASon (J mol1 K1) +169+ 4 —107+3
AG¥on (kI moll) at25°C 42+ 1 46+ 1
AV, (cm® mol1) +284+2 —2144b
kott (571) at 25°C 0.35+ 0.02 2249+ 167
AH¥o (kJ mol2) 122+ 4 44+5
ASoi (I Mot K1) +155+ 15 —34+22
AG¥ (kI mold) at 25°C 76+ 4 5445
AV (cn mol~1) +31+1 +7 43¢
Kno (M) at 25°C (9.0+£0.2)x 10° 27+3
AH® (kJ mol?) —30+5 —59+ 4
AS (Jmol1 K™Y +14+ 19 —169+ 13
AG° (kJmoll) at25°C  —34+4 —9+4
AV° (cm® mol™?) +3+3 —28+1

aValue extrapolated from the Eyring plot of kaf/T) vs 1/T. P Value
estimated from\V°no™Met — AVFMet ¢ Value extrapolated from the Eyring
plot of In(ky/T) vs 1/T. 9 Value determined in toluene (see text).

transition state that offsets the volume collapse expected for
the binding of methanol in terms of an associative interchange
mechanism.

Substitution Behavior of Complex 5 and the Resting State
of P45Qam in Their Reactions with NO. The resting state of
P45Qam is predominantly a low-sping = /), six-coordinate
complex with one water molecule of a water cluster bound to
Fe(lll) at the distal site. A similar coordination environment of
the Fe(lll) center is observed for compléxin methanol.

reasonable to expect that the volume collapse ascribed to theHowever, the significant difference between these two com-

high-spin— low-spin change on the iron(lll) center during the
binding of NO to5 in methanol should be very close to that
determined for the nitrosylation reaction in toluene, ier,+

3 cn® mol~1. Since the overall binding of NO t6in methanol
was accompanied by a volume collapse of 28 cnol~1, the
volume change associated with!"FeNO bond formation and
Fe'—CH3OH bond cleavage can be estimated to+#1 cn?
mol~t. On the assumption that the transition state in this case

can also be described as “late” (as observed for the reaction in

toluene), the value oAV*,,met for the forward reaction (eq 4)

is expected to be about-21 cn? mol~L This value is
significantly more positive than the corresponding value found
for the nitrosylation reaction in toluene, which is associated with
the displacement of the coordinated methanol molecule from
the iron(lll) center. The volume profile for the reversible binding
of NO to complex5 in methanol, constructed on the basis of
these extrapolated data, is shown in Figure 10a.

The activation parameters for the release of NO f2{iNO)
in methanol, determined from the plot &f,s vs [NO], are
characterized by a relatively small value aH* ™t and a
negative value oAS' ™t In principle, in terms of microscopic
reversibility, the reverse procesis{ pathway) must proceed
via the same transition state as that generated durindgthe
pathway and should also follow an associative interchange
mechanism. This seems to contradict the significantly positive
value found for AV¥,met However, the “off’ reaction is
controlled by a change in spin state from low-spin to high-spin,
which results in a significant volume increase on going to the
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plexes is the Fe(lll) spin state. As already mentioned, after
coordination of methanol, complekremains in the high-spin
state. The value of the NO binding rate constant determined
for 5in methanol at 25C is a little lower than that found for
the reaction between NO and substrate-free RgA0able 7).
The activation parameters found for both “on” and “off”
reactions seem to be totally different, and they are significantly
more positive in the case of the reaction between NO and

45Qam

For the mechanistic interpretation of NO binding to substrate-
free P45@,m a dissociative ligand substitution mechanism was
proposed. Accordingly, the activation paramet&S,, and
AV*,, for the reaction between substrate-free R45and NO
were found to be dominated by dissociation of a water molecule
from P45Q,{H20) to form the five-coordinate, high-spin
intermediate. A different scenario is observed for the reaction
between complexs and NO. In this case, these activation
parameters are more negative and clearly support an associative
interchange mechanism with a relatively strong contribution
from the entering NO molecule. Notably, the factors that can,
to a large extent, contribute to the more positive values of the
activation parameters found for the reaction between NO and
the resting state of P45@,compared to the values for the related
reaction with comple»s in methanol may be associated with
the presence of water molecules in the protein coat. The resulting
Fe!'—=NO* complex can be stabilized by H-bonding and
Coulomb interaction with the water molecules that remain in
the vicinity of the Fe-NO bond. Regarding the nitrosyl complex
in methanol, there is also stabilization of the-f¢O bond by
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H-bonding and Coulomb interactions to the solvent molecules, The rate constants for the “on” and “off” reactions in methanol
but these should be less rigidly organized since it concerns theshow the same trends as those measured for the reactions in
distal site of the resting state of P45Q Therefore, it is toluene (compare Tables 6 and 7). However, the activation
reasonable to expect that the dissociation of NO from the parameters for the reversible binding of NO to the resting state
P45Qani—NO complex should be much slower than in the case of P45Q.ynand5 in methanol differ significantly. Whereas the
of NO release from model compleXNO) in methanol and dissociation of a coordinated water molecule coupled to a high-
accompanied by more positive values of the mentioned activa- spin to low-spin change controls the binding of NO to P4/0
tion parameters. the displacement of weakly coordinated methanobdaollows

As can be expected, the very large valugffor 2(NO) in an associative interchange process in which the volume collapse
methanol significantly reduces the equilibrium constant for NO results from bond formation and a change from high-spin to
binding to Kyo™ = 27 M~!, which is several orders of low-spin. The resting state of P4RQ is a low-spin state,
magnitude lower thaKyo found for the reaction between NO ~ whereas our EPR measurements clearly indicated that complex
and substrate-free PA5R (see Table 7). The reaction enthalpies 5 in methanol is in a high-spin state. These opposite effects are
for both reactions appear to be significantly negative, vit? clearly illustrated by the volume profiles for these processes
for NO binding to5 almost 2 times more negative than for the (see Figure 10).
P45Qani—NO system. The entropy and volume changes for the  Both complexe® and5 bind NO ca. 4 orders of magnitude
overall5 + NO reaction in methanol do not correlate well with  more weakly than P45@, at 25°C, which can be accounted
the corresponding reaction parameters obtained for NO bindingfor in terms of a very effective “off” reaction. However, at low
to substrate-free P45Q, For the reaction between NO and temperature, the binding constants increase significantly due to
complex5 in methanol, a drastic volume decrease on going the exothermic nature of the binding process and a much slower
from the reactant to the product state can be observed (Figure®off’ reaction. The data for the model complex clearly highlight
10a), while the overall volume change associated with NO the unique behavior of the P450 enzyme, in that the enzyme
binding to the resting state of P43Ris close to zero (Figure  binds NO much more strongly at room temperature than the
10b). This difference can be directly related with the change in model complex. This must be related to the role played by the
spin state during the reaction. In the case of the resting state ofenzyme pocket, which stabilizes the formation of the'Nstate.
P45Qam there is no major change in spin state on going from This is a general observation made with model enzymes that
the reactant to the product state since both complexes are inmimic, for instance, the binding of dioxygen to hemeocyanine
the low-spin state. However, compl&xin methanol is in the and tyrosinase, for which much lower temperatures are required
high-spin change, which changes to the low-spin state ac-to stabilize intermediate oxidant or substrate-bound species.

companied by a large volume collapse on binding NO. Thus, the unique structure of the protein pocket must be
. responsible for the high binding constants at ambient temper-
Conclusions ature as compared to those observed for many model complexes

We have demonstrated herein that, although the modelthat do not exhibit these unique features.

complex2 lacks protein architecture and possesses & §@up The present results, along with our previous stuéfés,

as proximal ligand, it displays NO binding rate constants in a demor']strate that, as in biological systgms, ligand substitution
non-coordinating solvent that are very close to those measured®&havior of synthetic iron(lll) porphyrin complexes can be

for the “on” reaction between NO and nativeS=P45Qs, In regulated by tuning the electronic nature of the porphyrin
contrast, the rate constants for NO dissociation from the nitrosyl (introduction of electron-withdrawing/donating substituents on
adducts of2 and ES-P45Q.y differ by almost 4 orders of the porphyrin ring), the electronic nature of the axial IlganQS
magnitude, which accounts for the much lower NO binding (for example, replacement of the strong electron-donating

constant of2. On the basis of the activation parameters found li9ands with less electron-rich groups, RS> RSQ;"), and
for NO binding to the model comple and ES-P45Q.n it experimental conditions such as the selected solvent (coordinat-

can be concluded that both reactions follow the same mecha-I"9 VS non-coordinating) and pH (deprotonation of coordinating
nism, which is dominated by fe-NO bond formation with a protic solvgnts). Therefore, the results Qf thi; gtudy lay the basis
concomitant change in the iron(lll) spin state (fr@m= 5> to for further. |nvest|gat!on§ on the catalytlc activity of complgxes
S= 0). However, despite this similarity, the volume profiles 2 @nd 5 in the activation of peroxides for the oxidation/
for NO binding to2 and ES-P45Q,n clearly indicate that the ~ hydroxylation of suitable substrate molecules.

transition states for these reactions differ significantly in terms
of contributions arising from bond formation and change in spin
state.
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